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ABSTRACT
Context. Super-Earths can form at large orbital radii and migrate inward due to tidal interactions with the circumstellar disk. In this
scenario, convergent migration may occur and lead to the formation of resonant pairs of planets.
Aims. We explore the conditions under which convergent migration and resonance capture take place, and what dynamical conse-
quences can be expected on the dust distribution surrounding the resonant pair.
Methods. We combine hydrodynamic planet–disk interaction models with dust evolution calculations to investigate the signatures
produced in the dust distribution by a pair of planets in mean-motion resonances.
Results. We find that convergent migration takes place when the outer planet is the more massive. However, convergent migration
also depends on the local properties of the disk, and divergent migration may result as well. For similar disk parameters, the capture in
low degree resonances (e.g., 2:1 or 3:2) is preferred close to the star where the resonance strength can more easily overcome the tidal
torques exerted by the gaseous disk. Farther away from the star, convergent migration may result in capture in high degree resonances.
The dust distribution shows potentially observable features typically when the planets are trapped in a 2:1 resonance. In other cases,
with higher degree resonances (e.g., 5:4 or 6:5) dust features may not be sufficiently pronounced to be easily observable.
Conclusions. The degree of resonance established by a pair of super-Earths may be indicative of the location in the disk where
capture occurred. There can be significant differences in the dust distribution around a single super-Earth and a pair of super-Earths
in resonance.
Key words. Planet-disk interactions; Zodiacal dust
1. Introduction
In multi-planet systems close to their final formation stages, the
convergentmigration of two planets with adjacent orbits may oc-
cur due to tidal interactions with the surrounding circumstellar
gas. Convergent migration is an important aspect of the dynam-
ical evolution in a multi-planet system since it can lead to reso-
nant orbital configurations. If the resonant forcing generated by
gravitational interactions between two neighboring planets over-
comes the tidal forcing, the resonant configuration can outlast
the presence of the gaseous disk. Otherwise, the orbits can be-
come so compact that they produce collision or scattering events
(Marzari et al. 2010; Lega et al. 2013). In the long term, disper-
sal of the disk may also destabilize a resonant configuration.
In the case of two giant planets, the typical scenario for res-
onant capture is that of a more massive planet orbiting closer to
the star than a less massive one. For a pair of planets like Jupiter
and Saturn, for example, the exterior Saturn-mass body may not
open a deep gap in the gas and its inward migration would be
faster than that of the inner Jupiter-size planet, which is typi-
cally able to carve a deeper gap, and therefore drifts inward at
a slower rate. Once the planets are close enough to each other,
they end up in a mean-motion resonance, which depends on the
disk parameters (Masset & Snellgrove 2001; Lee & Peale 2002;
Moorhead & Adams 2005; Thommes 2005; Beaugé et al. 2006;
Crida et al. 2008; D’Angelo & Marzari 2012). The pair may then
⋆ Corresponding author.
form and maintain a common gap, which can also significantly
affect the surrounding distribution of dust (Marzari et al. 2019).
The migration of small planets, typically unable to open a
gap in the gas, is solely affected by type I torques, driven at
corotation and Lindblad resonances (e.g., Tanaka et al. 2002;
Paardekooper et al. 2010, 2011, and references therein). Inward
convergent migration, in these cases, requires a more massive
planet orbiting exterior to a less massive planet, since the type I
migration rate is linearly dependent on the mass of the body
(e.g., Tanaka et al. 2002, and references therein). In this study
we want to explore the evolution of two planets in the super-
Earth to Uranus mass range in order to test whether convergent
migration leads to resonance trapping, which mean-motion res-
onances are involved, and under what conditions they can occur.
Hands et al. (2014) explored the simultaneous migra-
tion of multiple planets forming at large orbital radii and
migrating inward. They found that a large number of
systems end up in resonance, as expected according to
Szuszkiewicz & Podlewska-Gaca (2012). They adopt an N-body
model with artificial damping terms mimicking the torques due
to tidal interactions with the gaseous disk. This approach, simi-
lar to that exploited by Lee & Peale (2002), Beaugé et al. (2006),
and Rein & Liu (2012), works reasonably well for massive plan-
ets in a type II-like migration regime. It is also well suited for
statistical studies of smaller planets because it relieves the com-
putational overhead with respect to more sophisticated methods.
However, in the case of a small planet, it is not straightforward
to assume that two planets embedded in a circumstellar disk mi-
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Fig. 1. Gas density distribution after 10 Kyr from the beginning of
a simulation with an initial surface density Σ0 = 50 g cm
−2 at 1 au.
The position of the planets corresponds to the locations of the two gas
“overdense” regions.
grate at the same rate as they would have in isolation. The per-
turbations induced by a second body can have non-trivial effects.
The wakes produced at the Lindblad resonances by one planet
may interfere with those of the other planet, leading to a dynam-
ical evolution for double planets that is different from that of a
single planet, possibly significantly different. If the pair orbits
in a compact configuration, even corotation torques may be af-
fected by changes in the horseshoe dynamics of the gas in the
proximity of each planet, due to the gravitational perturbations
of the other planet. As a consequence, the total torque on each
planet may change depending on the orbits of the planets and on
the characteristics of the disk. An example of wake superposi-
tion in the disk is shown in Figure 1 and is discussed in more
detail in the following sections.
In order to perform a detailed exploration of convergent mi-
gration of low-mass planets, we adopt here an approach based
on hydrodynamics simulations. This approach is more compu-
tationally expensive, but also more accurate as it allows direct
computations of the tidal torques acting on the planets. A sim-
ilar approach was used by Papaloizou & Szuszkiewicz (2005)
while exploring the convergent migration of Earth-mass plan-
ets. Differently from what is done in the present work, they con-
sidered high-mass disks, ranging from 0.5 to 4 times the mass
of the “minimum mass solar nebula” with a piece-wise gas sur-
face density, a local isothermal equation of state, and inviscid
gas. In this paper we use an energy equation for the gas that
accounts for heating and cooling and for lower gas densities,
as are expected toward the final stages of formation. We also
use a viscous gas, and apply different prescriptions for the vis-
cosity. Contrary to Papaloizou & Szuszkiewicz (2005), we find
that convergent migration is not always attained when the outer
planet is more massive than the inner one, and that the type of
resonance in which the planets are locked generally depends on
the disk properties and planet location. Furthermore, this com-
putational method also allows us to compute the evolution of
dust particles populating the protoplanetary disk and to search
for signatures that the two planets may leave in the dust distri-
bution as a result of their resonant configuration. This modeling
effort is particularly relevant in light of the complex morphology
of circumstellar disks observed by ALMA.
In Sect. 2 we describe the numerical algorithm adopted here
to model the evolution of the disk, planets, and dust grains. The
dynamics of a pair of planets that approach each other close to
the star and are trapped in low degree resonances (e.g., 2:1 and
3:2) is discussed in Sect. 3. In Sect. 4 we model planets start-
ing resonances, and encountering them, farther away from the
star, and in which we find trapping in higher-degree resonances,
such as 5:4 and 6:5. We also show cases of divergent migration
with similar initial conditions, but occurring at high disk densi-
ties. Section 5 is dedicated to the exploration of the dust features
in the proximity of two resonant planets. Finally, in Sect. 6 we
summarize and discuss the implications of our results.
2. Numerical model
The evolution of the gaseous disk, of the two planets, and of dust
particles is computed with the 2D FARGO code (Masset 2000),
as modified by Picogna et al. (2018) to include the particle dy-
namics. We performed simulations in which the energy equation
contains viscous heating and radiative cooling through the disk
surface:
∂E
∂t
+ ∇ · (E u) = −P∇ · u + Q+ − Q−. (1)
Here E and P are the total energy (surface) density and pres-
sure, respectively, and u is the gas velocity field. The quantity
Q+ is the viscous dissipation term computed from the compo-
nents of the viscosity stress tensor (Mihalas & Weibel Mihalas
1999; D’Angelo et al. 2003). The term Q− = 2σSBT 4eff repre-
sents the local radiative cooling (σSB is the Stefan–Boltzmann
constant) in which the effective temperature Teff depends on the
vertical optical thickness of the disk and is computed by ex-
ploiting the Rosseland mean opacity κ (Bell & Lin 1994), as in
D’Angelo et al. (2003).
In the simulations we model the evolution of 4×105 dust par-
ticles with radii 10 µm, 100 µm, 1mm, and 1 cm. Their trajecto-
ries are integrated taking into account the gas and the planetary
perturbations. We adopted these sizes since they are important
in determining peculiar features of circumstellar disks that can
be potentially detected, for example by ALMA in the (sub)mm
band.
The aerodynamic forces acting on the dust particles are com-
puted as in Picogna & Kley (2015). We briefly summarize the
main forces determining the dynamical behavior of the dust
grains. The drag force acting on a spherical dust particle of ra-
dius s, moving with a velocity v relative to the gas is written as
FD = (1 − f )FD,E + f FD,S, (2)
where
FD,E = −
4
3
πs2ρgvthv (3)
FD,S = −
1
2
πs2CDρgvv (4)
are the drag forces in the Epstein and Stokes regimes, respec-
tively. In Equation (3) vth =
√
8kBT/(πµmH) is the mean thermal
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velocity of the gas molecules, T the local temperature of the gas,
ρg the gas volume density, mH the hydrogen atom mass, and µ
the mean molecular weight of the gas.
The drag force in the Stokes regime is proportional to the
drag coefficient CD, whose value is taken from Weidenschilling
(1977) and depends on the Reynolds number. The transition be-
tween the two drag forces is determined by the coefficient f ,
given by
f =
s
s + λ
=
1
1 + Kn
, (5)
where λ is the mean free path of the gas molecules and Kn = λ/s
is the Knudsen number. Comparing the expressions for FD,E and
FD,S, it can be shown that they are equal when Kn = 4/9 for
Reynolds numbers < 1 (see Weidenschilling 1977).
Due to drag forces, particles experience a radial drift relative
to the gas; in particular, they respond to density and velocity gra-
dients in the gas. The drift velocity (relative to the gas), in con-
ditions of a stationary gas surface density, can be approximated
as (Birnstiel et al. 2010; Pinilla et al. 2012)
vdrift =
1
St−1 + St
(
∂P
∂r
)
1
Ωρg
, (6)
where Ω = Ω(r) is the disk’s Keplerian frequency. Indicating
with ms the mass of a particle, St = msvΩ/FD represents the
Stokes number (sometimes referred to as non-dimensional stop-
ping time) andΩ the Keplerian frequency of the disk. Since vdrift
depends on the radial derivative of the gas pressure P, any lo-
cal pressure maximum in the disk (with a significant azimuthal
extent) will collect and trap grains, both orbiting in the vicin-
ity of the maximum and those drifting inward from farther disk
regions.
The dust particles are initially distributed with a surface den-
sity that is constant in azimuth around the star and declines as
the inverse of the orbital distance, σ(t = 0) ∝ 1/r. This den-
sity distribution can be re-normalized to a different value at a
reference radius (e.g., at 1 au) since the particles do not inter-
act among themselves and there is no back-reaction of the dust
on the gas. Therefore, the particles can be thought of as tracers
of the dynamical evolution of the dust population. The particles
that cross the inner border of the disk grid are re-initialized at the
outer border.
2.1. Disk initial setup
In modeling the circumstellar disk with FARGO, we adopt a po-
lar grid (r, φ), typically with 682 × 512 elements uniformly cov-
ering the disk, which extends from r = 0.5 au to 12 au from the
star and 2π in azimuth. The initial surface gas density scales as
Σ(r) = Σ0
(
r
au
)−p
, (7)
with the power law index fixed to p = 0.5. We adopt differ-
ent values for Σ0, smaller than those predicted for the minimum
mass solar nebula (Weidenschilling 1977; Hayashi 1981). We
focus our study on the migration of super-Earths under the hy-
pothesis that they formed at orbital radii of a few astronomical
units or beyond, and are close to their final mass. The disk is
therefore expected to be old and to have partially dissipated via
viscous evolution and photo-evaporation (and winds in general).
We consider values of Σ0 ranging from 50 to 1000 g cm
−2.
The disk aspect ratio is initialized to h = H/r = 0.036,
and two different prescriptions for the kinematic viscosity ν
are applied. We adopt either a constant α-viscosity parameter,
with values ranging from 0.001 to 0.01, or a constant value
ν = 10−5 r2
0
Ω0 (Ω0 is Ω at r0 = 1 au). These two viscosity pre-
scriptions can produce non-trivial differences in the evolution of
the gaseous disk. The former prescription leads to a kinematic
viscosity ν ∝ h2√r, an increasing function of the radius if h is
constant in radius or the disk is flared. The latter prescription
corresponds instead to a variable α situation, with α ∼ 0.01 at
1 au for h in the range 0.02-0.04.
Figure 2 shows the unperturbed surface density (averaged
in azimuth around the star) of some disk models on the left,
after they settle in a steady state (solid curves), along with the
initial profiles (dashed curves). The corresponding temperatures
are shown on the right. The results indicate that there is only
marginal evolution of Σ inside a few au, where the density pro-
file tends to steepen somewhat. Otherwise, the surface density
power index remains nearly constant at p ≈ 0.5 during the evolu-
tion. Other unperturbed models were also calculated and behave
similarly.
The temperature profile of the disk is an important quantity
in type I migration since it affects the torque experienced by the
planet (see, e.g., Kley & Nelson 2012, and references therein).
Neglecting the planetary perturbations, when the disk reaches
a near-steady state and is vertically optically thick, heating and
cooling are in equilibrium at a temperature such that
T 2 ≈
(
27
128
κν
σSB
)1/2
ΣΩ. (8)
In the range of temperature between ≈ 200 K and several hun-
dred K, Bell & Lin’s opacity does not vary much. Therefore, in
the models with constant ν we expect T ∝ 1/r (where p ≈ 0.5).
At T ≈ 100 K and below, κ ∝ T 2 and the gas temperature is
expected to be approximately proportional to 1/r2. We note that
κ ∝ T 2 at low temperatures when micron-sized ice grains domi-
nate the opacity (see Pollack et al. 1985.) If the disk is vertically
optically thin (e.g., κΣ≪ 1), then at equilibrium
T 2 ≈
(
9
16
ν
σSBκ
)1/2
Ω. (9)
In the α-viscosity models, the kinematic viscosity is ν ∝ αT/Ω,
hence T ∝ r−3/10 for T ≪ 100 K. These approximate scaling
behaviors are in agreement with the curves in the right panel of
Figure 2, in the appropriate temperature ranges.
For practical purposes, quasi-steady states of density and of
temperature are attained at much earlier times than those dis-
played in Figure 2. In all simulations that include planets, we
run the numerical models for 300 orbital periods of the inner
planet, by keeping the planets’ orbits fixed, allowing the system
to relax. We then release both planets, whose orbits can evolve
from then onward under the influence of the disk’s gravitational
torques. In the plots presented here, only the free evolution of
the planets (i.e., from the time of release) is shown.
2.2. Initial planetary configurations
We consider two different initial configurations for the planets.
In the first, Model 1, the inner planet, whose mass is m1 = 5 M⊕,
initially moves on a circular orbit at a1 = 2 au, while the outer
planet of mass m2 = 15 M⊕, is placed on a circular orbit at a2 =
3.3 au. In the second configuration, Model 2, the mass of the
planets is the same as in Model 1, but we start with m1 at a1 =
4 au and m2 at a2 = 6.5 au. In both setups the two planets begin
their orbital evolution outside of the 2:1 mean-motion resonance.
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Fig. 2. Evolution of the radial profiles of the disks. Left: Average gas surface density of the unperturbed disks after 12 kyr (solid lines) compared
to the initial distributions (thinner dashed lines) for various model setups, as indicated in the legend. The higher density and warmer models have
constant kinematic viscosity ν (see text). Right: Average gas temperature for the same models as in the left panel.
In the two models we expect a different balance between the
resonance strength and the torque exerted by the gaseous disk.
Following the strength criterion adopted by Murray & Dermott
(1999) to describe the power relation between spin-orbit reso-
nances and tidal torques on a satellite, we can compare the scal-
ing of the mean motion resonance (hereinafter MMR) strength
with that of the disk torque on the planets. The former, according
toMurray & Dermott (1999), in a simplified three-body problem
scales as the mean motion squared (i.e., as r−3). Consequently,
while approaching the star the resonance forcing acting on the
planets increases. The torque term due to the gaseous disk scales
as
Γ0 =
q
h2
Σr4Ω2, (10)
where q is the planet-to-star mass ratio. If the disk’s aspect ra-
tio is nearly independent of (or weakly dependent on) the radial
distance, the torque Γ0 scales as r
1/2 (since Σ ∝ r−1/2) and it
increases outward. As a consequence, the balance between the
resonance strength and the tidal torque sways in favor of the
former (and hence of low degree MMR locking of the orbits)
as the planets move closer to the star. Higher degree (i.e., more
compact) resonant configurations are expected at larger orbital
distances. We note that the same outcome would be expected if
Γ0 were nearly independent of r, for example if the disk had a
typical flaring index d ln h/d ln r ≈ 2/7 (e.g., Chiang & Youdin
2010).
3. Model 1: low degree resonances
In Model 1, for low values of the surface densities, Σ0 = 50
and 400 g cm−2, and for a turbulence viscosity corresponding to
α = 0.01, the two planets become trapped in the 2:1 MMR. The
torque exerted on the planets by the gaseous disk is not strong
enough to overcome the resonant forcing once the planets reach
this resonance, and their orbits are therefore locked. For a higher
density, Σ0 = 800 g cm
−2, the planets cross the 2:1 MMR and are
permanently captured in the 3:2MMR. After capture, the planets
migrate inward at the same speed. This is illustrated in Figure 3,
where we show the evolution in time of the ratio between the
semi-major axis of the outer planet a2 and that of the inner planet
a1.
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Fig. 3. Capture in the 2:1 (black and blue solid line) and 3:2 (magenta
solid line) MMRs of the two planets resulting from converging migra-
tion in Model 1. At the resonance, the ratio a2/a1 becomes constant.
The initial surface density of the gas is Σ0 = 50 and 400 g cm
−2 for the
capture in the 2:1 MMR and Σ0 = 800 g cm
−2 for the capture in the 3:2
MMR (see legend). The turbulence viscosity parameter in these cases is
α = 0.01.
A noteworthy behavior is that of the case ending with the
capture in the 3:2 MMR. In Figure 4 we display the evolution
of the semi-major axis, eccentricity, and critical arguments of
the system. As expected, the outer and more massive planet mi-
grates faster than the inner one until it approaches the resonance
location. During the evolution, the pair is temporarily trapped in
2:1 resonance (see Figure 3), an event marked by a large jump
in the orbital eccentricity of both planets (and especially of the
inner one). The 2:1 MMR is eventually crossed. Once the plan-
ets become trapped in the 3:2 MMR, they begin to migrate at
the same speed, which is intermediate between their migration
velocities prior to resonance capture. While in resonance the or-
bital eccentricity of both planets rapidly grows and remains high
for an extended period of time during which the two critical ar-
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Fig. 4. Capture and evolution of two planets in 3:2 resonance. The
panels show the time evolution of the semi-major axis (top), the orbital
eccentricity (middle), and the critical arguments of the resonance ψi
32
in
Equations (11) and (12) (bottom).
guments of the resonance librate:
ψ132 = 3λ2 − 2λ1 −̟1 (11)
ψ232 = 3λ2 − 2λ1 −̟2. (12)
We note that λi is the true longitude of the planet, whereas̟i is
the longitude of pericenter, for i = 1 (the inner planet) and 2 (the
outer planet). The critical angles are slightly shifted with respect
to the predicted values of 0 and π because of dissipative effects
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Fig. 5. Capture in the 2:1 (black solid line) and 3:2 (green dashed
line) MMRs of the two planets, resulting from converging migration in
Model 2. The initial surface density of the gas is Σ0 = 50 g cm
−2 for the
capture in the 2:1 MMR and Σ0 = 100 g cm
−2 for the capture in the 3:2
MMR. The turbulence viscosity parameter in these cases is α = 0.01.
driven by the gas, but they show the symmetric apsidal coro-
tation predicted by Beaugé et al. (2006). When the inner planet
approaches ≈ 1.3 au, there is a change in the dynamical evolu-
tion of the pair, possibly due to the increase in the surface den-
sity gradient of the gas distribution (see Figure 2). The migration
speed slows down, as expected in a disk with slope p ≈ 1/2, and
the eccentricity is damped to small values.
4. Model 2: high degree resonances
In Model 2, where the planets begin to migrate when they are
farther away from the star, the behavior is significantly differ-
ent. As anticipated above, for similar disk conditions the pair
is expected (in general, but not always) to establish more com-
pact orbital configurations prior to capture. When a viscosity
α = 0.01 is applied for the low density value Σ0 = 50 g cm
−2,
we find again capture in the 2:1 MMR. Already at a density as
low as Σ0 = 100 g cm
−2, the gravitational torques exerted by the
gas can drive the planets across the 2:1 MMR, and they become
trapped in 3:2 resonance (see Figure 5). In Model 1 this outcome
is found for a significantly higher density, Σ0 = 800 g cm
−2 (see
Figure 3), while for Σ0 = 400 g cm
−2 capture in the 2:1 MMR is
still the likely outcome.
As argued in Sect. 2, the different dynamical behavior of
Model 2 with respect to Model 1 is due to the different balance
between the tidal torques acting on the planets and the resonant
forcing. The strength of the gas perturbations is expected to be
greater in the orbital configuration realized by Model 2 (based on
the torque strength corresponding to the applied Σ), and this is
further confirmed by the larger offset of the resonance libration
centers with respect to 0 and π. This is shown in Figure 6, where
the two critical arguments of the resonance are shown. At the
beginning of the simulation it appears that ψ1
21
= 2λ2 − 1λ1 −̟1
is already librating around 0, but this is only due to the sam-
pling interval as the output interval of the calculation is not short
enough. In reality, the critical argument circulates with ψ1
21
vary-
ing rapidly between 0 and π. This behavior is not caught in the
plot.
When the surface density of the disk is progressively in-
creased above Σ0 = 100 g cm
−2 for the same value of viscosity
(α = 0.01), convergent migration no longer occurs. As shown
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Fig. 6. Critical arguments of the 2:1 MMR as a function of time (ψ1
21
=
2λ2 − 1λ1 − ̟1 and ψ221 = 2λ2 − 1λ1 − ̟2). The libration centers are
shifted with respect to 0 and π due to the effects of gas perturbations.
in Figure 7, when the density is Σ0 = 400 g cm
−2 and higher,
the planets’ migration paths diverge. This may be due either to
the onset of outward migration of the outer planet (middle panel
of Figure 7) or to the outer planet slowing down its inward mi-
gration (bottom panel of Figure 7). This outcome may occur for
various reasons related to the balance between the Lindblad and
corotation torques, which may also be altered by density pertur-
bations due to gravitational interactions between the two planets.
We do not investigate the physical and orbital conditions under
which divergentmigrationmay occur, but we note that (under the
conditions investigated here) convergent migration is not guar-
anteed even if the outer planet is more massive than the inner
one.
To restore conditions conducive to convergent migration and
resonance capture it was necessary either to reduce the viscos-
ity parameter α to a value of 0.001 or to apply a constant kine-
matic viscosity on the order of 10−5 r2
0
Ω0 (therefore altering
the disk structure). Under these conditions, convergent migra-
tion resumes, but the high density and strong torques prevent
the planets from being captured in low degree resonances (e.g.,
2:1 and 3:2), and instead the system ends up in stable high de-
gree mean-motion resonances (e.g., 5:4 or 6:5). This behavior
is illustrated in Figure 8, where four cases with different initial
density and viscosity parameters lead to trapping in high degree
resonances. It is noteworthy that in the case with α = 0.001 and
Σ0 = 400 g/cm
2 the planets are temporarily captured in 4:3 res-
onance; however, it is broken on a short timescale by the strong
torques exerted by the gas. The eccentricity evolution of the two
planets is shown in Figure 9 where at each resonance crossing
a sudden jump in eccentricity is observed for both planets, as
also discussed for some previous cases. When trapped in the 5:4
MMR, after an initial rapid growth, the orbital eccentricity be-
gins to decrease to low values, as in Figure 4. This may possibly
be due to the inner planet approaching a steep density gradient
of the disk’s gas while moving closer to the star. The damping of
eccentricity suggests that this resonance may be stable over long
timescales, even in the presence of the dissipative force due to
the disk torques. A similar behavior is observed for the 6:5 res-
onance, and we tested with N-body calculations (aimed at mim-
icking the behavior after disk dispersal) that both resonances are
stable at least over a timescale of 1Gyr. We note that, in order
to achieve capture in 6:5 resonance, we initialized the planets on
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Fig. 7. Divergent migration of two planets resulting from surface den-
sity values Σ0 = 400, 800, 1200 g cm
−2 and viscosity α = 0.01 (top
panel). In the middle panel the evolution of the outer planet is shown
for the cases with Σ0 = 400 and 800 g cm
−2, as indicated. In both cases,
after an initial phase of inward migration, the planet drifts outward (but
the longer-term behavior was not investigated). In the bottom panel the
divergent migration is instead due to the outer planet slowing down. In
all cases, the inner planet keeps migrating inward.
more compact orbits compared to the other cases, just outside
the 4:3 MMR. In this way the 5:4 MMR is approached when the
planets are farther from the sun and the balance between the res-
onance strength and the tidal force inducing migration is tipped
in favor of the disk torque (compared to the other cases), allow-
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Fig. 8. Capture in 5:4 resonance in three different configurations. The
first has Σ0 = 400 g cm
−2 and viscosity corresponding to α = 0.001,
the second Σ0 = 500 g cm
−2 and constant kinematic viscosity ν = 10−5,
and the third Σ0 = 1000 g cm
−2 and ν = 10−5. The bottom curve shows
capture in 6:5 resonance with Σ0 = 400 g cm
−2 and viscosity equal to
α = 0.001. In this last case, however, the planets start on close orbits,
just exterior to the 4:3 MMR.
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Fig. 9. Eccentricity evolution of the two planets in the case with Σ0 =
400 g cm−2 and viscosity α = 0.001. Before capture each resonance
crossing is characterized by a large jump in orbital eccentricity.
ing the exterior planet to cross this resonance and attain the 6:5
MMR.
The simulations performed with Model 1 and Model 2 show
that resonant capture in low degree resonances occurs preferen-
tially when the pair reaches the resonance in the inner disk within
a few au of the star, even for high values of gas density, because
only then can the resonance forcing typically overcome the tidal
forcing exerted by the gas. High-degree MMRs (i.e., compact
orbital configurations above the 3:2 MMR) are instead easier to
attain when the pair of planets crosses the resonances in the outer
disk, beyond several au from the star where tidal forces can more
easily overcome the resonant forcing. Since the orbital migration
of the pair after capture generally leads them inward, compact
MMRs can also be observed close to the star. Therefore, the de-
gree of resonant configuration observed at present may provide
some indication of the disk location at which capture occurred,
and of the extent of the coupled inward migration. For example,
a compact orbital configuration (e.g., 4:3 or 5:4 MMR) observed
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Fig. 10. Dust distribution around the planets trapped in 2:1 resonance
at t = 10Kyr (top panel) and t = 70Kyr (bottom panel) in Model 2. The
black circles give the planets’ positions. Only dust particles 10 µm and
1 cm in size are shown to avoid overcrowding the plot.
close to the star, around or inside 1 au, may indicate that it was
established farther out in the disk, and that the pair underwent a
long-range orbital migration.
5. Dust evolution near the resonant planets
To model the dynamical features that two planets locked in res-
onance produce in the dust distribution around them, we inte-
grated the trajectories of 400000 dust grains. We started the in-
tegration when the planets begin to migrate, and considered both
Model 1 and Model 2. We integrated the trajectories of parti-
cles four different sizes: 10 µm, 100 µm, 0.1 cm, and 1 cm. The
Stokes numbers of the particles in these models, evaluated at
about 5 au from the star, are . 3 × 10−3 when the gas surface
density of the disk at 5 au is Σ0 = 1000 g cm
−2. In the models
with the lowest density, Σ0 = 50 g cm
−2, the Stokes numbers
have values . 7 × 10−2.
We first consider the case when the pair is locked in 2:1 res-
onance in Model 2, because the greater distance from the star al-
lows a better characterization of the dust features. In Figure 10,
we show the distribution of 10 µm and 1 cm dust particles in the
case with Σ0 = 50 g cm
−2 (Model 2) after 10Kyr from the begin-
ning of the planet migration (top panel) and after 70Kyr (bottom
panel). Prior to resonance capture, two independent gaps in the
dust distribution start to develop around the two planets, where
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Fig. 11. Histogram of the dust surface density, normalized to that at
t = 0, around a pair of planets trapped in 2:1 resonance The plot refers
to the same case as in Figure 10, at time t = 70Kyr (see bottom panel
of that Figure). The green filled circles give the positions of the planets.
The different line colors correspond to different grain sizes, from 10 µm
to 1 cm. Only minor differences are observed among the various sizes
because all grains are well coupled to the gas.
the distribution appears slight denser at the outer edge of each
gap (compared to the density at their inner edge, see top panel of
Figure 10). When the resonance is established, the migration rate
of the inner planet increases due to the tidal forcing exerted on
the exterior planet (see discussion in Sect. 3), and its gap slowly
vanishes (see Figure 10, bottom panel).
Meanwhile, the gap around the outer planet is not replen-
ished and the region behind the planet becomes depleted of dust.
This effect may be associated with the faster inward velocity of
the planet compared to that of the particles caused by gas drag.
Observations of wide gaps in the dusty disks, like the one in the
bottom panel of Figure 10, would be difficult to interpret since
they may be produced by a migrating low-mass planet or by a
non-migrating massive planet. A significant enhancement in the
dust surface density is also observed at the inner border of the
outer planet’s gap, where dust is pushed inward. This dust fea-
ture is caused by the radial gradient of the perturbed pressure
that prevents dust from approaching the planet (by altering the
local rotation rate of the gas). The fact that solids can be col-
lected ahead of the planet as it migrates inward is another indi-
cation that the drag-induced drift of the dust is slower than the
migration velocity of the planet.
To examine in some more detail the density distribution of
the dust, we divided the radial range into a series of discrete ra-
dial bins so that, by counting the number of particles in each bin,
the evolution of the surface density of dust (σ) can be monitored
in an average sense. In Figure 11, the value of σ is shown after
t = 70Kyr in each radial bin, normalized to the corresponding
value at t = 0. The main gap, extending beyond the orbit of the
outer planet, is approximately 1.5 au wide and its depth is on av-
erage about 1% of the initial dust density. The highest density
feature, a dust ring around 6.1 au, peaks at a value more than
ten times higher than the local initial density of the dust. This
feature is maintained by the 6:5 mean motion resonance with
the outer planet, following the planet during its inward migra-
tion, and is populated by solids that filter through the planet’s
orbit from the inner disk regions. Farther out, the region of en-
hanced density, located at about 7.2 au, is instead a remnant of
the dust orbiting at the outer border of the initial gap produced
by the planet, where dust was collected during the early phases
of evolution of the system. It does not follow the planet dur-
ing its orbital evolution because the inward drift of the dust due
to gas drag is slower than the planet migration speed and it is
temporary in nature since the density slowly declines with time
(toward the average value of the surrounding distribution). The
wider dust density peak at about 5 au is instead clearly due to
the sweeping effect operated by gas drag, in response to the per-
turbed radial gradient of the gas pressure, and the perturbation
moves inward along with the planet. There are only minor dif-
ferences among the distributions of the different particle species
(see Figure 11). This is likely because the dynamical evolution
is dominated by drag effects on solids well coupled to the gas
(Stokes numbers are generally≪ 1, as mentioned above) and by
the gravitational perturbations of the planets. A similar outcome
was already noted in the simulations of Marzari et al. (2019).
From observations, the wide gap that develops around the
pair of planets in resonance could be incorrectly interpreted as
due to a single more massive planet. The similarity of the large-
scale dust distributions for these cases is illustrated in Figure 12,
where the normalized surface density of the dust due to two plan-
ets orbiting in 2:1 resonance (those in Figure 11) is compared to
that of a single planet with mass equal to 100, 200, and 300 M⊕.
The physical properties of the gas disk are the same in all sim-
ulations. There are significant differences in the morphology of
the gap (and of other small-scale features) in the dust formed
by the two planets compared to what a single and more massive
planet would produce. However, given the scale of these fea-
tures, they would be difficult to detect with current instruments.
For the cases with a single planet, the outer edge of the dust gap
becomes wider as the planet mass increases, a behavior reflect-
ing the formation of a wider gap in the gas as tidal perturbations
increase. Overall, the width of the dust gap produced by a single
200 M⊕ planet is comparable to that generated by the two plan-
ets in resonance. The amount of dust depletion over the region
is also comparable. This is further confirmed by the two smooth
density maps shown in Figure 13, where the case with two plan-
ets (in a 2:1 resonance) is compared to that with a single planet
with m = 200 M⊕. In the first case (top panel), the inner border
of the gap is denser due to sweeping and trapping of dust during
the inward migration of the outer planet. In both cases, parti-
cles remain trapped in horseshoe orbits, although the density of
solids appears higher in the case with two planets. This is proba-
bly caused because the two smaller planets in resonance migrate
a substantial distance and can collect solids filtering from the in-
terior toward the exterior of the orbits. The single more massive
planet clears a gap much more rapidly and is more effective at
depleting the horseshoe region of dust. This effect is somewhat
artificial since we do not model the growth of the planet which,
if slow enough, would help increase the dust density in the re-
gion. It is clear from the previous plots that when interpreting
large-scale features observed in dust distributions around stars,
particular care is necessary before reaching conclusions based
on perturbations effects in single-planet models.
The behavior of the dust appears different, but with some
similarities, in the case with low density (Σ0 = 50 g cm
−2) in
Model 1 (see Figure 14). The two planets, once trapped in 2:1
resonance, experience an extended period of stalled migration
during which their semi-major axes are nearly stationary (see
bottom panel of Figure 14). The exterior border of the outer
planet’s gas gap acts as a barrier to dust particles migrating in-
ward, and they accumulate at that location (see top and mid-
dle panels of Figure 10). Between the two planets, between 2.5
and 3 au, the dust density is significantly reduced (to ∼ 0.1% of
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Fig. 12. Comparison between the dust gap (normalized surface density)
produced by two planets in 2:1 resonance for 10 µm particles (see Fig-
ure 11) and those carved by a single massive planet. The red line shows
the gap for the two-planet case, the green dashed line that for a single
planet of mass 100 M⊕, the blue dashed line that for a 200 M⊕ planet,
and the black dotted line that for a 300 M⊕ planet.
 3  4  5  6  7  8
r (au)
0
1/2 pi
 1 pi
3/2 pi
2 pi
φ (
rad
)
0 100
1 10-3
2 10-3
 3  4  5  6  7  8
r (au)
0
1/2 pi
 1 pi
3/2 pi
2 pi
φ (
rad
)
0 100
1 10-3
2 10-3
Fig. 13. Smoothed maps of the dust distribution in the proximity of the
planets. The top panel shows the density distribution, normalized to the
total number of dust particles in the model, around two planets in 2:1
resonance (Figure 10 and Figure 11). The color bar range is in units of
10−3; the azimuthal resolution is 0.2 rad while the radial resolution is
0.15 au. The bottom panel illustrates the dust distribution for a single
planet with mass m = 200 M⊕. As smoothing function, we applied a
simple bell-shaped function (Lucy 1977).
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Fig. 14. Top panel: Dust distribution around planets locked in 2:1 reso-
nance at t = 40Kyr in a Model 1 with Σ0 = 50 g cm
−2. The black circles
give the planets’ positions. Middle panel: Histogram of the dust sur-
face density where the planets’ orbital radius is given by a green filled
circle. Bottom panel: Semi-major axis evolution with time of the outer
planet showing a period of stalled migration when the pair of planets
are trapped in resonance.
the initial value) likely due to the barrier effect operated by the
outer planet, which prevents dust grains from crossing inside the
planet’s orbit.
Concurrently, dust drifting inward is halted exterior to the
inner planet’s orbit (again due to the perturbed pressure’s ra-
dial gradient) where grains collect and form a mild density ex-
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Fig. 15. Dust distribution at t = 100Kyr for the two planets locked in
3:2 resonance (Model 2).
cess, approximately a factor of five as large as the local initial
density. In this case too a wide gap may be detected by ob-
servations whose dynamical origin, however, is somewhat dif-
ferent from that illustrated in Figure 10 (exterior to the outer
planet, see bottom panel). In that case, the migration speed of
the planets is probably responsible for the widening of the gap
(see also Figure 14, where the migration of the pair is nearly
stalled). In the case shown in Figure 10 only two high-density
dust rings are produced; instead, in the case shown in Figure 14
there are three: one trailing the inner planet and two around the
outer planet. In both configurations the density peaks trailing the
outer planet may be the most significant features (from an ob-
servational standpoint) in the dust distributions, exceeding the
surrounding density levels by factors & 10 (see histograms in
Figures 11 and 14). In the other simulations based on Model 1,
with capture in resonance, the planets rapidly move too close to
the star because of the high values of Σ0. These configurations
do not appear to show features amenable to observations (over
the timescales of our simulations).
In the Model 2 case with capture in 3:2 resonance, the inward
drift of the planets is faster compared to the case with capture in
the 2:1 MMR since the disk density is higher and the features in
the dust distribution are more complex (see Figure 15). In this
case the inner planet forms only a very shallow gap in the sur-
rounding dust since the inward migration prevents the formation
of large radial gradients in gas distribution. Contrary to the case
shown in Figure 10, the outer planet does not develop a deep and
extended gap in the dust, but it does show significant density en-
hancements in the dust interior and exterior of the planet’s orbit:
the densityσ at these peaks ranges from 10 to 30 times above the
local initial values. Beyond the outer planet, at greater radial dis-
tances, there appear to be low-density regions, where the sigma
value is about 20% less than the initial values. In this case, the
dust signatures induced by the planets in resonance are less pro-
nounced (with respect to the previous cases) and may be more
difficult to detect.
When the planets are trapped in higher-degree resonances
(e.g., 5:4 and 6:5), the signatures in the surrounding dust distri-
butions are relatively minor, as illustrated in Figure 16. In these
models the absence of gaps in the dust is probably related to
the fast migration velocity because, in Model 2, the capture in
such compact orbital configurations occurs when the disk sur-
face density is high (Σ0 ≥ 400 g cm−2). Consequently, the gravi-
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Fig. 16. Dust distributions around two planets trapped in 5:4 resonance
(Σ0 = 400 g cm
−2, α = 0.001) at t = 60Kyr (top panel) and around
two planets trapped in 6:5 (Σ0 = 400 g cm
−2, α = 0.001) at t = 48Kyr
(bottom panel).
tational perturbations of the planets are less effective at perturb-
ing the pressure gradient of the gas and the efficiency in collect-
ing dust is significantly diminished. In the case of the 5:4 MMR
(top panel of Figure 16) a common gap is formed, but its depth is
only about a factor of 3 smaller than the local initial dust density,
a difference that is likely difficult to detect by observations.
In summary, our simulations indicate that only wide resonant
configurations, like the 2:1 MMR, may induce significant fea-
tures in the surrounding dust distribution that can be more likely
probed by observations. When the planets are locked in higher-
degree resonances and migrate fast, they are more inefficient at
perturbing the dust.
An additional noteworthy feature of the dust distributions is
the enhanced dust density at the borders of the gap carved by the
planets locked in 2:1 and 3:2 resonances. At these locations the
concentration of millimeter- to centimeter-sized solids may in-
crease tenfold relative to the initial dust distribution, potentially
triggering streaming instability events. In turn, these events may
lead to the formation of a significant population of planetesi-
mals. This phenomenon was recently modeled with numerical
simulations by Eriksson et al. (2020).
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6. Summary and discussion
We performed hydrodynamic simulations of planet–disk inter-
actions in multi-planet systems. We considered a pair of super-
Earths embedded in disks of various gas densities and viscosi-
ties, where the exterior planet is the more massive. This con-
figuration should favor convergent migration because the disk’s
thermo-dynamical state is such that a stronger tidal torque is ex-
erted on the outer planet than is on the inner one. By adding dust
particles to the simulations, we also computed their trajectories
in the proximity of the planets in order to test the influence of the
resonant configurations on the dust distributions. We considered
two different setups, where we changed the initial distance of the
planets from the star. In Model 1, the inner planet is initially lo-
cated at 2 au, while in Model 2 the inner planet starts from 4 au.
These two models provide a different balance between the reso-
nance strength and the tidal forcing (by the gas) at the locations
of resonance capture.
We find that resonance trapping always occurs in first-order
resonances, even of high degree, for different values of the initial
gas density and viscosity. However, convergent migration may
be inhibited either by a temporary outward migration of the outer
planet or by a slowdown of its inward migration compared to that
of the inner planet. We did not investigate these configurations
in detail, but it appears that either of these two outcomes may be
due to mutual perturbations between the planets. In Model 2,
divergent migration tends to occur for high values of the gas
density and of the α-viscosity parameter. A reduction of the vis-
cosity parameter or the use of a constant kinematic viscosity ν
allows convergent migration to resume.
Close to the star, the capture in low degree resonances (e.g.,
2:1 or 3:2) is favored because resonant interactions scale as
Ω
2, whereas the tidal forcing in these calculations is ∝ r1/2. In
Model 2, where the distance from the star is greater, trapping in
high degree resonances (5:4 or 6:5) can occur. N-body calcula-
tions indicate that these compact resonances are dynamically sta-
ble, once the gas dissipates, over timescales on the order of sev-
eral billion years. This behavior suggests that low degree MMRs
presently detected among super-Earths may have occurred when
the planets were on converging orbits and became trapped rel-
atively close to the star. Therefore, their formation sites might
have been within a few to several au from the star. Instead, high
degree resonances are generally expected to occur far from the
star, at several au, suggesting formation at larger radii. The de-
gree of the resonance may thus provide some indication about
the formation distance from the star of the pair.
In the range of planetary masses adopted in our models, a
gap in the dust is expected to form on a short timescale if a single
non-migrating planet is considered. The situation may be differ-
ent when considering a system of two planets that are allowed
to migrate. If the orbits of the pair converge, they can be trapped
in resonance and the surrounding dust distribution can be sig-
nificantly affected. Once in resonance, the inner planet may be
forced to migrate at a faster rate (than it does prior to capture in
the MMR), due to the gravitational push by the outer more mas-
sive planet. Consequently, the dust gap around the inner planet
may be progressively erased. This outcome is shown in simula-
tions where the planets become trapped in the 2:1 MMR. In this
scenario, the presence of the inner planet cannot be detected by
looking for dust gaps through observations of disks. At larger
radial distances, the gap around the exterior and more massive
planet steadily widens because of two distinct and mutually ex-
clusive mechanisms. In the first case (see Figure 10), the pair
of planets migrate quickly and the dust does not drift inward
fast enough to replace the dust swept ahead of the planet, which
leads to the formation of a wide gap extending beyond the exte-
rior planet. In the second case (see Figure 14), once trapped in
resonance the planets undergo a period of stalled migration and
the outer planet acts as a barrier to the dust grains drifting in-
ward. In this latter case, a large gap in the dust develops between
the two planets since the local dust has drifted toward the inner
planet. In both cases the large gap developing around the plan-
ets’ orbits might be mistaken for that produced by a single giant
planet.
Higher-degree resonances appear to have less impact on the
dust distribution. The 3:2 resonance leads to the formation of a
region of enhanced density of dust grains in front of the outer
planet and of a depleted region behind it, likely a remnant of the
early migration phases of the pair. The 5:4 and 6:5 resonances
are even less effective in sculpting the dust distribution, possibly
because to achieve these resonant configurations the planets need
to migrate inward quite rapidly. In the long term, if the migration
of the pair locked in resonance reduces or stalls, it is likely that
the planets will open a single wide gap in the dust distribution
because of the close proximity of their orbits.
Due to the large computational overhead of hydrodynamic
simulations, we only sampled a limited number of disk parame-
ters, planetary masses, and initial orbits. Different density slopes
d lnΣ/d ln r of the gas, different values of kinematic viscosity
ν, and disk thermal states may change the migration pattern of
the planets. The occurrence of convergent or divergent migration
is significantly affected by these parameters, and the convergent
migration may occur at different locations in the disk depending
on the parameter choice. The migration speed is another impor-
tant aspect influencing the type of resonance that is established
and the dynamical response of the dust distribution around the
pair of planets. However, the partial disappearance of the gap
around the inner planet, the formation of a wide gap around the
outer planet for the 2:1 MMR, and the less conspicuous features
that appear in the dust for higher-degree resonances are robust
results.
Acknowledgements. We would like to thank the referee, Alexander Mustill, for
his comments and suggestions. G.D. acknowledges support from NASA’s Re-
search Opportunities in Space and Earth Science (ROSES) through NASA’s
Exoplanets Research Program (proposal 80HQTR19T0086). Computational re-
sources supporting this work were provided by the NASA High-End Computing
(HEC) Program through the NASA Advanced Supercomputing (NAS) Division
at Ames Research Center.
References
Beaugé, C., Michtchenko, T. A., & Ferraz-Mello, S. 2006, MNRAS, 365, 1160
Bell, K. R. & Lin, D. N. C. 1994, ApJ, 427, 987
Birnstiel, T., Dullemond, C. P., & Brauer, F. 2010, A&A, 513, A79
Bitsch, B., Crida, A., Morbidelli, A., Kley, W., & Dobbs-Dixon, I. 2013, A&A,
549, A124
Chiang, E. & Youdin, A. N. 2010, Annual Review of Earth and Planetary Sci-
ences, 38, 493
Crida, A., Sándor, Z., & Kley, W. 2008, A&A, 483, 325
D’Angelo, G., Henning, T., & Kley, W. 2003, ApJ, 599, 548
D’Angelo, G. & Marzari, F. 2012, ApJ, 757, 50
Dubus, G., Lasota, J.-P., Hameury, J.-M., & Charles, P. 1999, MNRAS, 303, 139
Eriksson, L. E. J., Johansen, A., & Liu, B. 2020, A&A, 635, A110
Hands, T. O., Alexander, R. D., & Dehnen, W. 2014, MNRAS, 445, 749
Hayashi, C. 1981, Progress of Theoretical Physics Supplement, 70, 35
Hueso, R. & Guillot, T. 2005, A&A, 442, 703
Kley, W. & Nelson, R. P. 2012, ARA&A, 50, 211
Lee, M. H. & Peale, S. J. 2002, ApJ, 567, 596
Lega, E., Morbidelli, A., & Nesvorný, D. 2013, MNRAS, 431, 3494
Lucy, L. B. 1977, AJ, 82, 1013
Marzari, F., Baruteau, C., & Scholl, H. 2010, A&A, 514, L4
Marzari, F., D’Angelo, G., & Picogna, G. 2019, AJ, 157, 45
Article number, page 11 of 14
A&A proofs: manuscript no. main
Masset, F. 2000, A&AS, 141, 165
Masset, F. & Snellgrove, M. 2001, MNRAS, 320, L55
Menou, K. & Goodman, J. 2004, ApJ, 606, 520
Mihalas, D. & Weibel Mihalas, B. 1999, Foundations of radiation hydrodynam-
ics (New York: Dover, 1999)
Moorhead, A. V. & Adams, F. C. 2005, Icarus, 178, 517
Murray, C. D. & Dermott, S. F. 1999, Solar System Dynamics (Cambridge Uni-
versity Press)
Paardekooper, S. J., Baruteau, C., Crida, A., & Kley, W. 2010, MNRAS, 401,
1950
Paardekooper, S. J., Baruteau, C., & Kley, W. 2011, MNRAS, 410, 293
Papaloizou, J. C. B. & Szuszkiewicz, E. 2005, MNRAS, 363, 153
Picogna, G. & Kley, W. 2015, A&A, 584, A110
Picogna, G., Stoll, M. H. R., & Kley, W. 2018, A&A, 616, A116
Pinilla, P., Birnstiel, T., Ricci, L., et al. 2012, A&A, 538, A114
Pollack, J. B., McKay, C. P., & Christofferson, B. M. 1985, Icarus, 64, 471
Rein, H. & Liu, S. F. 2012, A&A, 537, A128
Szuszkiewicz, E. & Podlewska-Gaca, E. 2012, Origins of Life and Evolution of
the Biosphere, 42, 113
Tanaka, H., Takeuchi, T., & Ward, W. R. 2002, ApJ, 565, 1257
Thommes, E. W. 2005, ApJ, 626, 1033
Weidenschilling, S. J. 1977, MNRAS, 180, 57
Article number, page 12 of 14
Francesco Marzari and Gennaro D’Angelo: Dust distribution around low-mass planets on converging orbits
Appendix A: Effects of stellar irradiation
Irradiation from the central star affects the thermal structure of a
circumstellar disk and essentially determines its temperature be-
yond some distance from the star. The lower the disk’s density Σ
and the smaller the kinematic viscosity ν, the shorter the radial
distance at which heating by stellar radiation can significantly
impact the thermal balance of the gas. In order to asses possi-
ble effects of irradiation in the disk models discussed above, the
right-hand side of Equation (1) is modified to include a stellar
heating term Qirr, as in Equation (10) of D’Angelo & Marzari
(2012, where the term Q− is also modified accordingly; see dis-
cussion).
In the 2D (r, φ) geometry, irradiation cannot be accurately
taken into account due to the lack of the disk’s vertical struc-
ture, which is needed to estimate energy deposition in a vertical
column of gas at a given radial distance (see, e.g., Bitsch et al.
2013, and references therein). Our implementation is there-
fore approximate and follows an approach often applied in
prior studies (e.g., Dubus et al. 1999; Menou & Goodman 2004,
and references therein), with some simplifications outlined in
Hueso & Guillot (2005). We assume that the stellar effective
temperature and radius are equal to 4300K and 2.6R⊙, respec-
tively.
Stellar irradiation is expected to affect a wider range of dis-
tances, extending inward, as gas density and kinematic viscosity
decrease. Figure A.1 includes some results of Figure 2 (solid
lines, see legend) and equivalent models that account for irra-
diation (dashed lines). As anticipated above, gas temperature is
determined by the stellar irradiation temperature beyond a radial
distance where viscous heating Q+ ≪ Qirr. The disk structure in
our models with Σ0 & 500 g cm
−2 is not significantly affected by
stellar irradiation over the range of radial distances considered
here.
Referring to Figure A.1, in the highest density model (green
curves) Σ is essentially unaffected by irradiation (out to 12 au)
and T starts deviating from the no-irradiation model at r > 6 au.
Since, in Model 2, the outer planet starts its evolution at 6.5 au,
differences in the orbital evolution of the pair might not be large.
The situation is expected to be different for the lower density
configurations, since the difference in temperature is significant
even at short orbital distances from the star. The higher tem-
perature produces a higher aspect ratio h, which would con-
tribute to a slower migration velocity (possibly of both planets).
This reduction may be partly offset by the somewhat larger Σ
at small r (compare orange and blue solid and dashed curves in
the left panel of Figure A.1). However, the configuration with
Σ0 = 50 g cm
−2 results in capture in the 2:1 MMR in the model
without irradiation and is therefore expected to produce the same
resonant orbits in the model with irradiation. The configura-
tion with Σ0 = 100 g cm
−2, which produces a 3:2 MMR in the
no-irradiation model, may in principle result in a less compact
MMR in the model with irradiation. We performed a calcula-
tion of this particular configuration and show the results in Fig-
ure A.2. Despite the changes in the radial distribution of temper-
ature and of Σ, the evolution of the pair results again in the cap-
ture in the 3:2 MMR. The plot indicates that the exterior planet
is briefly caught in the 2:1 MMR with the interior planet, before
skipping the resonance and continuing to migrate inward. During
the temporary capture in the 2:1MMR, the orbital eccentricity of
the two planets remains low (< 0.01). Since resonance breaking
is not aided by an increase in eccentricity, the temporary capture
can be considered stochastic in nature.
Clearly, there may be additional and more subtle effects
brought about by the warmer gas, although in general it is ex-
pected that disk regions farther from the star are affected more
than are the inner disk regions (e.g., as in our Model 1). We
plan to investigate in greater detail the effects of irradiation in
low-density low-viscosity disks, including resonance capture of
a pair of planets and dust evolution, in subsequent work.
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Fig. A.1. Average gas density (left) and temperature (right) of the unperturbed disks after 12 kyr. The solid curves represent the models shown
in Figure 2 (see legend); the dashed curves refer to the corresponding models that include stellar irradiation, as outlined in the text. As expected,
beyond some distance from the star, gas temperature is determined by the stellar irradiation temperature.
Fig. A.2. Ratio of the semi-major axes of a pair of planets using the
disk configuration with Σ0 = 100 g cm
−2, turbulence viscosity corre-
sponding to α = 0.01, and including stellar irradiation. The planets are
initiated according to the setup in Model 2. The outer planet transits the
2:1 MMR with the inner planet and becomes trapped in the 3:2 MMR,
as in the model that does not account for irradiation (see Sect. 4).
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